Frequent exposure to nickel compounds has been considered as one of the potential causes of human lung cancer. However, the molecular mechanism of nickelinduced lung carcinogenesis remains obscure. In the current study, slight S-phase increase, significant G 2 /M cell cycle arrest, and proliferation blockage were observed in human bronchial epithelial cells (Beas-2B) upon nickel exposure. Moreover, the induction of cyclin D1 and cyclin E by nickel was shown for the first time in human pulmonary cells, which may be involved in nickel-triggered G 1 /S transition and cell transformation. In addition, we verified that hypoxiainducible factor-1α, an important transcription factor of nickel response, was not required for the cyclin D1 or cyclin E induction. The role of p53 in nickelinduced G 2 /M arrest was excluded, respecting that its protein level, ser 15 phosphorylation, and transcriptional activity were not changed in nickel response. Further study revealed that cyclin A was not activated in nickel response, and cyclin B1, which not only promotes G 2 /M transition but also prevents M-phase exit of cells if not degraded in time, was up-regulated by nickel through a manner independent of hypoxia-inducible factor. More importantly, our results verified that overexpressed cyclin B1, veiling the effect of cyclin D1 or cyclin E, mediated nickel-caused M-phase blockage and cell growth inhibition, which may render pulmonary cells more sensitive to DNA damage and facilitates cancer initiation. These results will not only deepen our understanding of the molecular mechanism involved in nickel carcinogenecity, but also lead to the further study on chemoprevention of nickelassociated human cancer. (Cancer Epidemiol Biomarkers Prev 2009;18(6):1720-9) 
Introduction
Exposure to nickel(II) has largely increased in industrial societies due to the environmental pollution by heavy metals at all stages of production, use, and disposal (1, 2) . Epidemiologic studies have shown the close correlation between the incidence of respiratory cancer and nickel exposure. Due to the workplace exposure and the nonoccupational exposure in surrounding environments, the average daily exposure to nickel by inhalation has been estimated at 0.2 and 0.4 μg for rural and urban dwellers, respectively (3, 4) .The levels found in the lungs of autopsied U.S. subjects with no known occupational exposure to nickel, ranged between 1.8 μg/cm 2 and 2.1 μg/cm 2 of lung surface area, and nickel refinery workers had as high as 15 μg/cm 2 of nickel (3, 4) . Several types of cellular damage, including DNA damage and DNA repair inhibition, have been identified to contribute to nickel-triggered carcinogenesis (5) . The hypoxic signing cascade caused by nickel(II) ions and the subsequent gene expression silence located near heterochromatin caused by a loss of histone H4 and H3 acetylation and DNA hypermethylation was reported to be relevant with nickel carcinogenicity (6, 7) . Moreover, nickel can stimulate signaling pathways that increase the expression of numerous inflammatory cytokines, profibrotic proteins, and hypoxic response proteins, such as plasminogen activator inhibitor-1, interleukin (IL)-8, IL-6, cyclooxygenase-2, vascular endothelial growth factor (VEGF), and CAP43 (NDRG1; refs. [8] [9] [10] [11] [12] . Induction of these genes may contribute to the pathologic effects of nickel, including cancers.
Most of the genes whose transcription is regulated by nickel exposure were identified as targets of the hypoxiasignaling cascade mediated by hypoxia-inducible factor-1α (HIF-1α; ref. 13) . In this pathway, nickel(II) facilitates continuous oxidation of intracellular ascorbate by ambient oxygen, and then it may lead to the inhibition of hydroxylases. Therefore HIF-1α becomes more stable due to the weakness of oxygen-involved hydroxylation and subsequent degradation (14) (15) (16) . The accumulated HIF-1α subsequently modulates the expression of downstream genes involved in proliferation, survival, metabolism, and tumorigenesis. In addition to HIF-dependent pathway, other activated pathways by nickel such as κB kinase 2/ nuclear factor-κB (17) (18) (19) and Phosphoinositide 3' kinases/Akt (20) , mitogen-activated protein kinase/activator protein (18, 19) , and Nuclear factor of activated T cells (21, 22) are also believed to associate with its carcinogenic activities.
Aberrant cell cycle progression is one of the most important cellular events during the initiation and promotion stages of carcinogenesis, and overgrowth of genetic mutated cells is indispensable in tumor development. It is believed that enhancement of cell cycle transition plays an essential role in tumor promotion, whereas the prolonged mitosis facilitates tumor initiation in some cases (23, 24) . Therefore, one question that has been raised is whether metal ions, including nickel(II), induce cancer by interfering cell cycle progression. Microarray analysis of nickel(II)-transformed mouse fibroblasts displaying a malignant phenotype elucidated the overexpression of β-catenin and its downstream target cyclin D1 (25) . Cyclin D1 and cyclin E, as important regulators of G 1 -S phase progression, have been associated with the development of many kinds of cancer, such as the tumors in the breast, lung, and bladder (26, 27) . In addition, Chinese hamster ovary cells exposed to nickel were reported to present an increase of G 2 /M phase proportion (28) , in which cyclin A and cyclin B are usually involved. Therefore, it is important to investigate the overall regulation of cyclins, including cyclin D, cyclin E, cyclin B, and cyclin A, as well as p53, which is an important cell cycle regulator, in the cells upon nickel exposure and their biological functions in nickel carcinogenesis. Considering the lung is the primary target organ of nickel compounds in vivo, human bronchial epithelial cells Beas-2B were used to explore the carcinogenicity of nickel in lung cancer.
Materials and Methods
Reagents and Cell Lines. Human bronchial epithelial cells Beas-2B were cultured in DMEM (GIBCO BRL) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin G, and 100 μg/mL streptomycin at 37°C in 5% CO 2 atmosphere. Nickel compounds were purchased from Sigma. The substrate for the luciferase assay was purchased from Promega. The anti-β-actin antibody was obtained from Santa Cruz Biotechnology, Inc. Anti-VEGF antibody was purchased from Upstate Biotechnology. Anti-cyclin D1, -cyclin E, -p53, -p53ser15, -HIF-1α, -HIF-1β, -cyclin B1, and -cyclin A2 antibodies were purchased from Cell Signaling Technology.
Plasmids. VEGF-luciferase reporter plasmid containing human VEGF promoter was constructed by inserting a 2.65-kb KpnI-BssHII fragment of the human VEGF promoter sequence from -2274 to +379 relative to the transcription initiation site into the pGL2-basic vector (Promega) as described previously (20) . The cyclin D1-luciferase reporter was constructed by inserting the sequence of promoter regions of human gene CCND1 into luciferase reporter vector pGL3-basic. The ΔHRE(-559 to -392) cyclin D1 reporter, which contains a cyclin D1 promoter sequence lacking the HIF-1α binding site, was derived from cyclin D1(-962)-luciferase reporter by overlap extension PCR as shown in Fig. 4E using the following primers: A 5′-ggggtaccgagctcttacgcgtg-3′; B 5′-aaggccggcaggccagtaaattgcaagaa-3′; C 5′-tggcctgccggccttccta-3′ and D 5′-cccaagcttctggggagggctgtg-3′. The p53 and HRE-luciferase reporter were constructed as described previously (29) . DN-HIF is a dominant-negative mutant of HIF-1, which inhibits the transcription activity of HIF-1α (30) . The cyclin B1 expression plasmid (pCMX cyclin B1) was a kind gift from Carlos Perez-Stable (VA Medical Center, Miami, FL; ref. 31 ).
Small Interfering RNA Constructs. The procedure for preparing constructs coding for small interfering RNA was described previously (32) . Four CCNB1 target Figure 1 . Nickel-triggered G 2 /M cell cycle arrest and proliferation blockage. 1 × 10 3 of Beas-2B cells were seeded into each well of 96-well plates, cultured in 10% FBS DMEM overnight, and then exposed to NiCl 2 . The cells were photographed under microscopy after 36 h exposure (A). Beas-2B cells were seeded into each well of 6-well plates and cultured in DMEM containing 10% FBS. After the cell density reached 70% to 80%, the cells were exposed to 0.25 mmol/L or 0.5 mmol/L NiCl 2 for 36 h, and then were fixed and stained with propidium iodide as described previously. Cell cycle distribution was determined by flow cytometry (B). Each experiment was repeated for at least three times. Establishment of Stable Transfectants. Beas-2B cells were cultured in a 6-well plate until they reached 85% to 90% confluence. Four and a half micrograms of VEGF-luciferase, cyclin D1-luciferase, cyclin E-luciferase, HRE-luciferase, p53-luciferase, DN-HIF expression plasmid or empty vector control and 0.5 μg hygromycine resistant plasmid were mixed respectively with 10 μL of Lipofectamine 2000 reagent (Invitrogen). These mixtures were used to transfect in each well without penicillinstreptomycin and serum. After 5 to 6 h, the medium was replaced with 10% FBS DMEM. Approximately 36 to 48 h after the beginning of the transfection, the medium was replaced with 10% FBS DMEM containing 400 μg/mL hygromycine. After selection for 14 to 21 d with hygromycine, the stable transfectants Beas-2B VEGF-luc mass1 cells, Beas-2B cyclin D1-luc mass1 cells, Beas-2B cyclin Eluc mass1 cells, Beas-2B HRE-luc mass1 cells, Beas-2B p53-luc mass1 cells, Beas-2B DN-HIF mass1 cells, and Beas-2B Vector Control mass1 were identified by measuring the basal level of luciferase activity. Stable transfectant Beas-2B DN-HIF-VEGF-luc mass1 was established by transfecting Beas-2B using DN-HIF expressing plasmid together with VEGF-luciferase reporter plasmid.
Luciferase Reporter Gene Assays. Confluent monolayer of stable luciferase reporter transfectants were trypsinized, and 8 × 10 3 viable cells suspended in 100 μL of 10% FBS DMEM were seeded into each well of 96-well plates. The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air. After the cell density reached 80% to 90% confluence, the cells were treated with nickel at various concentrations. Cells were lysed with 50 μL lysis buffer, and the luciferase activity was measured using Promega luciferase assay reagent with a luminometer (Wallac 1420 Victor2 multipliable counter system). The results are expressed as relative HIF-1α or p53 activation, and VEGF or cyclin D1 induction relative to medium control. Student's t-test was used to determine the significance of the differences, and the differences were considered significant at P < 0.05.
Reverse Transcription-PCR. Beas-2B cells were cultured in the 6-well plates respectively until they reached 85% to 90% confluence. The cells were then exposed to nickel compounds for indicated time periods. Cells were washed once with ice-cold PBS and extracted for whole RNA with TRIzol reagent following the manufacturer's 3 Beas-2B cyclin D1-luc mass1 cells (A) were seeded into each well of a 96-well plate. After being cultured at 37°C overnight, the cells were treated with 0.5 mmol/L NiCl 2 for various time periods as indicated. The cells were then extracted with lysis buffer, and the luciferase activity was measured as described in Materials and Methods. Bar, mean and SD of the triplicate wells; (*), a significant increase from medium control cells (P < 0.05). Beas-2B cells (B, D) were seeded into 100-mm dishes. After being cultured at 37°C overnight, they were treated with NiCl 2 for 24 or 36 h as indicated. RNA isolation and reverse transcription-PCR (RT-PCR) were carried out as described in Materials and Methods. 2.5 × 10
5 Beas-2B cells (C, E) were seeded into each well of 6-well plate and cultured in 10 % FBS DMEM. Twenty-four hours later, the cells were exposed to NiCl 2 at various dosages for 24 or 36 h as indicated and then Western blot assay was done.
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instructions (Invitrogen). The cDNA was synthesized from 1 μg RNA by using First-Strand Synthesis System for RT-PCR (Invitrogen). The PCR was done by using 2 μL synthesized cDNA and specific human VEGF primers (sense: 5′-ccttgctgctctacctccac-3′, antisense: 5′-atctgcatggtgatgttgga-3′), human wide type p53 primers (sense: 5′-gaacccttgcttgcaatagg-3′, antisense: 5′-gtgaggtaggtgcaaatgcc-3′), human cyclin A2 primers (sense: 5′-gccattagtttacctggacccaga-3′, antisense: 5′-cactgacatggaagacaggaacct-3′), human cyclin B1 primers (sense: 5′-aagagctttaaactttggtctggg-3′, antisense: 5′-ctttgtaagtccttgatttaccatg-3′), human cyclin D1 primers (sense: 5′-agctcctgtgctgcgaagtggaaac -3′, antisense: 5′-agtgttcaatgaaatcgtgcggggt -3′), human cyclin E1 primers (sense: 5′-atacagacccacagagacag-3′, antisense: 5′-tgccatccacagaaatactt-3′) or β-actin primers (sense: 5′-gcgagaagatgacccagatcat -3′, antisense: 5′-gctcaggaggagcaatgatctt -3′). The PCR products were separated on 1.5% agarose gels. The relative mRNA levels of target genes were normalized to the internal reference β-actin that was coamplified in the same reaction for each sample. The Figure 3 . HIF-1 was not involved in nickel-induced cyclin D1 or cyclin E expression. 8 × 10
3 Beas-2B-Vc VEGF-luc mass1 and Beas-2B DN-HIF VEGF-luc mass1 cells (A) were seeded into each well of a 96-well plate. After being cultured at 37°C overnight, the cells were treated with NiCl 2 for various dosages as indicated. The cells were then extracted and luciferase activity was determined as described previously. (♣), a significant decrease as compared with nickel-treated Beas-2B VEGF-Luc mass1 cells (P < 0.05). Beas-2B Vector control cells, Beas-2B DN-HIF mass1 cells (B, C, D, and G) were seeded into 100-mm dishes. After being cultured at 37°C overnight, the cells were treated with NiCl 2 for 24 h. RT-PCR and Western blot were carried out as described previously. E. The graphic representation of ΔHRE cyclin D1 reporter plasmid construction. 2 × 10 4 cyclin D1-luc plasmid transiently transfected Beas-2B cells and ΔHRE cyclin D1-luc transiently transfected Beas-2B cells (F) were seeded into each well of a 48-well plates respectively. After being cultured at 37°C overnight, the cells were treated with 0.25 mmol/L or 0.5 mmol/L NiCl 2 for 12 h. The results of relative cyclin D1 induction were analyzed as described above.
reverse transcription-PCR was conducted within the linear ranges of PCR cycles and RNA input.
Western Blot Assays. Beas-2B cells (2 × 10 5 ) were cultured in each well of 6-well plates to 70% to 80% confluence. After being cultured for 24 h, the cells were exposed to nickel for 12, 24, 36, or 48 h. The cells were then washed once with ice-cold PBS and extracted with SDS-sample buffer. The cell extracts were separated on polyacrylamide-SDS gels, transferred, and probed with rabbit-specific antibody against β-actin, HIF-1α, HIF-1β, cyclin D1, or p53, mouse-specific antibody against cyclin E, cyclin B1, cyclin A, or phospho-p53ser 15 . The protein band, specifically bound to the primary antibody, was detected with antimouse or antirabbit Alexa-800 secondary antibodies, and scanned and analyzed with the Odyssey Infrared Imaging System (Li-Cor Biosciences).
Cell Proliferation Assay. Beas-2B cells were cultured in 96-well culture plates at 8 × 10 3 cells per well for 24 h. The cells were then exposed to nickel compound. The Cell Counting Kit-8 (CCK-8; Dojindo) was used to assay cell proliferation according to the manufacturer's instructions. Cell proliferation of each group (six wells of each group) was qualified by measuring the absorbance at 450 nm using a microplate reader at the time points of 0, 12, 24, 36, 48, and 72 h after nickel treatment.
Cell Cycle Analysis. Beas-2B cells (2 × 10 5 ) were cultured in each well of 6-well plates to 70% to 80% confluence with normal culture medium. The cell culture medium was replaced with 0.1% FBS DMEM with 2 mmol/L L-glutamine, 100 U/mL penicillin G, and 100 μg/mL streptomycin, and cultured for 24 h and then exposed to nickel compounds. The cells were harvested and fixed with 5 mL of ice-cold 70% ethanol overnight. The fixed cells were washed twice with PBS, and then suspended in 500 μL propidium iodide staining solution (propidium iodide 50 μg/mL, RNase A 10 mg/mL, and 0.1% Triton X-100; Sigma Chemical) for at least 1 h at 4°C. The DNA content was determined by flow cytometry using the MoFlo XDP Cell Sorter (Beckman Coulter) and Summit Software v5.0.
Dual measurement of cyclin A2 expression and DNA content was made on MoFlo XDP Cell Sorter (Beckman Coulter). After ethanol fixation and propidium iodide staining, cells (2 × 10 5 ) were then incubated with 10 μL FITC-conjugated anti-cyclin A (Beckman Coulter) for 10 min and then subjected to cytometry assay. Immunofluorescence data were analyzed with Summit Software v5.0 (Beckman Coulter). In these analyses, G 2 /M cells were sorted by the fluorescence intensity of chromatin stained with propidium iodide and mitotic cluster was distinguished from G 2 /M cells as cyclin A2-negative events. 
Results
Nickel-triggered G 2 /M Cell Cycle Arrest and Proliferation Blockage. To explore the molecular mechanism implicated in nickel-induced human lung cancer, Beas-2B cells were utilized in the present study. The cells were exposed to various dosages of NiCl 2 according to the previous studies (12) . We observed that the growth of Beas-2B cells was significantly inhibited after 24 hours of NiCl 2 treatment (Fig. 1A) . Moreover, the cell cycle distribution of Beas-2B cells exposed to NiCl 2 was evaluated by fluorescence-activated cell sorter analysis. We found that exposure of Beas-2B cells to 0.25 mmol/L or 0.5 mmol/L NiCl 2 resulted in a slightly increased S-phase population and a significant G 2 /M cell cycle arrest (Fig. 1B) . To further confirm the effect of nickel compounds on cell proliferation, HEK293 and A549 cells were utilized and the results were consistent with that from Beas-2B cells (supplementary data 1a to d).
Nickel Up-regulated Cyclin D1 and Cyclin E Expression. Overexpression of cyclin D1 has been shown in numerous carcinomas, and it is well accepted that cyclin D1 overexpression-rendered deregulated cell cycle progression is closely related to carcinogenesis. In the present study, our results showed that cyclin D1 expression was increased by nickel compounds in bronchial epithelial cells. Figure 2A shows that nickel exposure triggered cyclin D1 promoter activation. The up-regulation of cyclin D1 at the transcription and protein levels was further confirmed by reverse transcription-PCR and Western blot assay ( Fig. 2B and C) .
Overexpression of cyclin in carcinogenesis can be linked to the premature S-phase entrance and disturbance of the DNA-replication (34) (35) (36) . In the present study, we showed, for the first time, that cyclin E was up-regulated at both RNA and protein levels in bronchial epithelia cells with nickel treatment (Fig. 2D and E) .
HIF-1 was not Involved in Nickel-induced Cyclin D1
or Cyclin E Expression. HIF-1, a important transcription factor that regulates multiple downstream target genes expression, plays a key role in mediating the biological response of nickel compounds (20) . Bioinformation analysis revealed that cyclin D1 promoter region contains HRE sequence that is the canonical binding site of HIF-1. Therefore, it is important to explore the role of HIF-1 in nickel-induced cyclin D1 expression. We found that nickel can induce HIF-1α activation and VEGF expression in Beas-2B cells (supplemental data 2a to f) and overexpression of DN-HIF, which is a dominant negative mutant of HIF-1α, dramatically blocked VEGF induction by nickel compound (Fig. 3A to C) . However, cyclin D1 or cyclin E up-regulation by nickel was not impaired in DN-HIF stable transfectants (Fig. 3D and G) . In further study, cyclin D1 luciferase reporter plasmid and ΔHRE cyclin D1-luciferase reporter plasmid, which was lack of HIF binding sequence, were transiently transfected into Beas-2B cells respectively. As shown in Fig. 3E and F, nickel-induced cyclin D1 promoter activation was not impaired in ΔHRE cyclin D1-luciferase reporter plasmid-transfected Beas-2B cells compared with that transfected with cyclin D1-luciferase reporter plasmid. Taken together, these data strongly suggest HIF-1 is not required in nickel-induced cyclin D1 or cyclin E expression in bronchial epithelia cells.
P53 was not Involved in Nickel-induced G 2 /M Arrest.
Considering the essential role of p53 in G 2 /M arrest has been widely accepted (37) , expression and activation of p53 upon nickel response were investigated in the present study. Our results showed the dose-dependent increase of p53 mRNA in Beas-2B cells with nickel treatment (Fig.  4A) . However, p53 total protein and phosphorylated p53 at Ser15, which is important for p53 activation in G 2 /M checkpoint, were not obviously changed (Fig. 4B  and C) . In addition, we tested the transcriptional activity of p53 in nickel response by gene reporter assay. Vanadate, which has been verified to induce p53 activation, was used as positive control. As shown in Fig. 4D and E, vanadate treatment triggered a near 10-fold increase of p53 transcriptional activation, but there was no signif- icant increase in p53 transcription activity in Beas-2B cells exposed to NiCl 2 for various time periods. Taken together, our results showed that p53 was not involved in nickelinduced G 2 /M arrest.
Expression of Cyclin B1, but not Cyclin A, was Enhanced by Nickel Treatment. It has been well established that cyclin A and cyclin B are both important regulators in mitosis progression. The destruction of cyclin A and cyclin B is reported to be required for anaphase onset (escape from mitosis; ref. 38) . Therefore, to elucidate the mechanism underling nickel-induced G 2 /M cell cycle arrest, it is essential to explore the potential regulation of cyclin A and cyclin B1 by nickel compound. As shown in Fig. 5A and B, cyclin B1 expression was notably up-regulated by nickel at both mRNA and protein levels, but not cyclin A, which suggests cyclin B1 might be required in nickel-induced G 2 /M arrest. Although the cyclin B1 promoter region contains HRE-like sequence, overexpression of DN-HIF did not impair nickel-triggered cyclin B1 expression, showing that cyclin B1 induction by nickel is via HIF-1-independent pathway (Fig. 5C ).
Cyclin B1 is Responsible for the Nickel-induced Mphase Arrest and Cell Growth Inhibition. To figure out the precise machinery of nickel-induced G 2 /M cell cycle arrest, the M-phase cells were gated from the whole cell population after nickel treatment regarding their DNA content values and cyclin A2 level. As shown in Fig. 6A , M-phase cells (black-line thresholds in the right-bottom figure) were sorted from the cells with a 4N DNA content (G 2 /M cluster) as cyclin A2-negative events, because cyclin A2 is abruptly degraded in the early phase of mitosis (before metaphase). In this result, the proportion of M-phase cells was proved to be largely increased by nickel treatment corresponding with the G 2 /M blockage (Fig. 6B) . Excessive cyclin B1 expression is regarded as one of the most deleterious cellular events which prevent cells from mitosis exit and lead to aberrant M-phase blockage. Thus, proliferation of Beas-2B cells was inhibited by nickel treatment, which is shown in Fig. 6C .
To further confirm that up-regulated cyclin B1 is responsible for nickel-induced cell cycle arrest and cell growth inhibition, pSuper/siCyclin B1 was constructed and identified (Fig. 6D) . As shown in Fig. 6E and F, the M-phase blockage induced by nickel treatment was markedly impaired by cyclin B1 silence in fluorescence-activated cell sorter assay, indicating that nickel-induced G 2 /M blockage was mainly due to the deficient mitosis exit which was mediated by excessive cyclin B1. In addition, the slightly increased G 2 -phase proportion by nickel was supposed to be a subsequent event following the interfered G 2 /M transition caused by M-phase blockage. Moreover, we found that silence of cyclin B1 not only led to a notable cell growth inhibition as reported previously, but also dramatically impaired nickel-trigged cell growth inhibition in Beas-2B cells (Fig. 6G and H) .
Discussion
The correlation between nickel compound exposure and increased risk of human respiratory cancer has been widely reported in epidemiologic studies (39, 40) . However, the molecular mechanism of nickel-induced carcinogenesis is not yet fully understood. In the current study, we showed that nickel compound was able to induce G 2 /M arrest in Beas-2B cells and consequently caused significant cell growth inhibition. The expressions of cyclin D1 and cyclin E were up-regulated by nickel, but only a slight increase of S-phase cell population was observed. Further study showed that the expression of cyclin B1, an important regulator of G 2 /M and M-phase progression, was also enhanced by nickel compound. And overexpression of cyclin B1 was responsible for the nickel-triggered mitosis exit blockage, which veiled the effects of cyclin D1 and cyclin E, and resulted in the significant inhibition of cell proliferation.
One of the most important features that distinguish cancer cells from normal cells is aberrant cell division, usually resulting from the uncontrolled expression of cyclins (23, 24) . Overexpression of cyclins has been proved to be implicated in the malignant transformation of a variety of human cancers (26, 27) . Cyclin D1 has been reported to distinguish benign and premalignant human breast lesions from any form of breast carcinoma (41) . Recently, Ouyang W and his colleagues reported that exposure to soluble nickel compounds caused a significant inhibition of cell growth and G 1 /G 0 cell cycle arrest in human A549 cancer cells, which was concomitant with a down-regulation of cyclin D1 (42) . In the current study, the nickel-induced cyclin D1 expression was first found at both RNA and protein levels in human bronchial epithelia Beas-2B cells. Cyclin E is the other critical activator in G 1 /S transition (43) . High level of cyclin E protein in cancer has been also linked to poor prognosis and several aggressive features of cancer such as estrogen receptor negativity, poor differentiation, p53-mutations, Figure 6 . Cyclin B1 is responsible for the nickel-induced M-phase arrest and cell growth inhibition. Beas-2B cells (A, B) were seeded into each well of 6-well plates and cultured in DMEM containing 10% FBS until the cell density reached 70% to 80%. After the treatment of 0.5 mmol/L NiCl 2 for 48 h, the cells were stained with propidium iodide and then incubated with 10 μL FITCconjugated anti-cyclin A2. M-phase cell population was sorted by flow cytometry as described in Materials and Methods. D. Beas-2B cells were transiently transfected with pCMX cyclin B1 expression plasmid together with pSuper/sicylin B1 or Vector control respectively using Lipofectamine 2000 reagent. RT-PCR and Western blot were carried out as described above. Beas-2B cells transiently transfected by pSuper/siCyclin B1 or vector control (E, F) were seeded respectively into each well of 6-well plates and cultured in DMEM containing 10% FBS. After the cell density reached 70% to 80%, the cells were exposed to 0.5 mmol/L NiCl 2 for 48 h. Cell cycle distribution was determined by flow cytometry as described above. Every result was from one representative of three independent experiments. 1 × 10 3 of Beas-2B cells (C) or Beas-2B cells transiently transfected by pSuper/siCyclin B1 or vector control (G and H) were seeded into each well of 96-well plates, cultured in 10% FBS DMEM overnight, and then exposed to 0. 
pRb-inactivation, and p27
Kip1 down-regulation (27, 44) . Our results showed that expression of cyclin E was increased in nickel-treated bronchial epithelia cells. It was observed that Beas-2B cell population at the S phase can be marginally increased by nickel exposure. This observation was partially consistent with another report that CHO cell population at the S phase was gradually increased in cultures exposed to rising quantities of nickel(II) (45) . Therefore, influence of up-regulated cyclin D1 and/or cyclin E on uncontrolled cell cycle progression, undifferentiation, and cell transformation should be involved, at least partially, in nickel carcinogenecity.
The role of p53 in mediation of G 2 /M cell cycle arrest has been widely accepted, but whether p53 participates in nickel-induced G 2 /M arrest remains obscure. Salnikow et al. reported that acute nickel exposure activates p53 transcription based on the result from GeneChip analysis (46) , and the induction of wild-type p53 by nickel compound was observed in MCF-7 and A549 cells (47 (28, 48) . In the current study, although the dose-dependent increase of p53 mRNA in Beas-2B cells upon nickel exposure was observed, p53 total protein and phosphorylated p53 Ser15 were not obviously changed by nickel treatment. Furthermore, the absence of p53 activation in nickel response was revealed by p53 gene report assay. Our results were consistent with the epidemiologic report that expression of p53 in cells from nasal biopsies is not different between nickel workers and control population (49) .
Cyclin B1, which is essential for cell cycle progression through mitosis, is overexpressed in a variety of cancers (50, 51) . The deregulated expression of cyclin B1 seems to be closely associated with early events in neoplastic transformation (52) and poor prognosis (53) . Therefore, deregulation of cyclin B1 has been considered as a key event in carcinogenesis and tumor therapy.
As a partner of Cdk1, the biofunction of cyclin B1 in cell cycle progression consists of G 2 /M transition and M-phase exit. When cyclin B1-Cdk1 is fully activated, cells are committed to mitosis. Almost at the same time, phosphorylation of anaphase-promoting complex/cyclosome (APC/C), the most important regulator of the ubiquitin-mediated proteolysis in mitosis progress control, was triggered by cyclin B1-Cdk1 to generate the active form of APC/C bound by Cdc20 (APC/C Cdc20 ). Then APC/C Cdc20 mediates the degradation of securin and cyclin B, which acts as the inhibitor of anaphase and cytokinesis, to render exit from mitosis when spindle checkpoint is inactivated (38, 50, 54 ). In the current study, the accumulation of cyclin B1 by nickel may result from the deregulation of APC/C activation or some other mechanism such as sustained activation of cyclin B1 expression. Because cyclin B1 remains at high level, instead of being eliminated upon nickel exposure, the cells are unable to exit from mitosis and are blocked in anaphase.
Owning to the cell cycle check point, numerous DNA damage produced during interphase or prophase of cell division can be repaired, but not those during anaphase when the chromosomes are condensed. Because gene transcription is silenced during anaphase, prolonging division leads to decreased DNA repair because the cell cannot carry out its vital functions. In view of the deleterious effects of nickel exposure, including genome toxicity and epigenetic alteration, the prolonged anaphase will lead to an extended duration of cells in fragile state upon nickel exposure, thus rendering the cells more susceptible to nickel carcinogenecity. The significance of cyclin B1 in carcinogenesis and cancer therapy still needs to be further investigated.
HIF-1 heterodimer has been reported to be a key transcription factor among the nickel-responsive genes. Genetic studies comparing the growth of tumors with and without HIF-1 have elucidated the function of HIF-1 in tumor vascularization and growth (55) . We have also reported that HIF-1α plays an essential role in VEGF induction by nickel in mouse epidermal Cl 41 cells (20, 56) . In the present study, the accumulation of HIF-1α, but not activator protein (data not shown), another important transcription factor for VEGF expression, was found to be required in VEGF induction in Beas-2B cells with nickel treatment. Given that VEGF has been well documented in inducing microvascular permeability as well as mediating angiogenesis and vasculogenesis (57) , there is also growing evidence indicating that it also plays a crucial role in tumor promotion during the multistep process of chemically induced carcinogenesis (58, 59) . Although there locates HRE sequence in the promoter region of both cyclin D1 and cyclin B1, our results showed HIF was not involved in nickel-induced cyclin D1 and cyclin B1 expression, the detailed regulatory machinery of which is still under investigation in our lab.
In summary, we show here, for the first time, that nickel exposure is able to facilitate cyclin D1 and cyclin E expression, which may promote G 1 /S transition and cell transformation of pulmonary cells. More importantly, our results verified that nickel-triggered cyclin B1 accumulation and subsequent M-phase arrest is responsible for the inhibitory effect of nickel on cell proliferation in bronchial epithelia cells. Because the malfunction of G 1 /S transition and M exit promotion in the cell microenvironment are both important for cancer initiation and promotion, these results will not only broaden our knowledge of the molecular mechanism involved in nickel-induced human lung cancer, but also lead to the further study on chemoprevention and therapy of nickel-associated cancer.
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